We present new observational data on the small scale structure of the Taurus Molecular Cloud 1 (TMC-1) in the regime of 0.02-0.04 PC and 0.04 -0.6 Mo.
ridge. The observations were made in the CCS 22 GHz and 45 GHz transitions using NASA's Deep Space Network 70-m and 34-m telescopes at the Goldstone facility. The CCS emission in this region originates in three narrow components centered on LSR velocities of -5.7, 5.9, and 6.1 km S-l. These components each represent a separate cylindrical feature elongated along the ridge. Among the three velocity components we identified a total of 45 clumps with a typical CCS column density of w few x1013 cm -2 , an H 2 density of w few x104 cm -3 , and a mass in the range of 0.04 to 0.6 MO. The statistical properties of these small scale clumps are compared with those of the larger '(NH3 cores" in cold clouds and '
( CS cores" in the hotter Orion region. The CCS clumps in TMC-1 are found to conform to the Larson's scaling laws (relating observed linewidth to clump size) derived from the larger cores down to the small scale regime (0.02 pc and 0.04 Mo). These clumps represent a regime where microturbulence is small, amounting to ~10~0 of the thermal pressure inside a clump. Of the 45 clumps, only five appear to be gravitationally unstable to collapse. The 6.1 km S-l component contains all the gravitationally unstable clumps and is the most likely site for future star formation.
Introduction
The mechanisms by which interstellar clouds produce thestar forming cores is not well understood owing in part to the lack of sufficient data to draw a complete time line of the formation of these cores. Two such schemes have been proposed: gravitational fragmentation of larger structures or coalescence of smaller fragments formed from turbulent cascade. Larson (1981 ) found from a wide variety of molecular clouds an empirical correlation between the observed line width, cloud size, and the gas density, which was latter known as Larson's Laws. Although the physical basis of Larson's scaling laws is not well understood, the self-similar structure of molecular clouds as described by the Larson's Laws has been argued by many authors as turbulent in nature (see e.g. and references therein).
In the cores of cold dense clouds there are many examples of line widths measured with trace molecules, such as CS, NH 3 , HC3N, that are narrower than the thermal line width of molecular hydrogen at 10 K . In these cases the velocity field is mainly thermal and has a small non-thermal component which is probably due to microturbulent (subsonic) motions. Thermal H 2 pressure provides the main support for the cores. This situation is in contrast to cores in warmer molecular clouds where non-thermal components (likely macro-turbulence) dominate the velocity field as well as core support. These observations of small scale thermal features in cold dense clouds raise some important questions regarding the origin of the cold cores.
TMC-1 has been a prime object for studying cold cores because of its proximity and small velocity dispersion. To study the small scale structure of a quiescent dark cloud, such as TMC-1, one needs to have sufficient spatial resolution, as well as high enough spectral resolution to sample molecular lines of thermal width (typically N 0.1 km S-l for CCS in cold, dark clouds). There have been a number of studies of the structure of TM C-1 in a variety of tracers (e.g. . Recently Langer and co-workers extended these studies to small scale structures through single-dish and interferometric observations of CS and CCS and from multi-transition analysis of CCS . Using a heavy molecular tracer (CCS) with narrow thermal line-widths (-0. 1 kms '1 at -lo K), have shown that little turbulence is seen in the small scale structures in TMC-1. Therefore the small scale clumps in TMC-1 can be used to study the behavior of the scaling laws down to smaller sizes and masses, in a regime of low turbulence, where the turbulent widths are *O. 1 km S-l.
Here we present an extension of the earlier work by and , consisting of better sampled and more extensive maps of CCS centered on the "cyanopolyyne peak" in the southeast part of the TMC-1 ridge. CCS is reasonably -3-abundant and widely distributed in TMC-1 , making it an excellent tracer for moderate density (n(H2)~104 cm -3 ) molecular gas.
From these high signal-to-noise, high spectral and spatial resolution maps we are able to identify more small scale clumps than seen in earlier work. The properties of these clumps are determined from an excitation analysis. The large number of clumps, 45 in total, makes it possible to evaluate their statistical properties and to test the Larson's scaling law in a small scale, low-mass regime. Of the 45 clumps identified in the area, only five are gravitationally unstable to collapse while the remainder are evenly split between unbound and stable objects. All the unstable clumps are associated with one spatial-velocity feature near the cyanopolyyne peak. Our results show that Larson's scaling laws extend down to the low mass clumps in TMC-1.
Observations and Data Reduction
Observations of the CCS 22 GHz and 45 GHz transitions were made with the Deep Space Network (DSN) 70-m and 34-m telescopes at the NASA Goldstone Facility over the period from April 1994 to March 1997. The 70-m telescope observations used a K-Band HEMT receiver tuned to the rest frequency of the CCS JN = 2 1 + 10 transition (22344.033 MHz). The system temperature is -70 K and the FWHM antenna beam is 45". Observations of the CCS J N = 4 3 + 3 2 transition (45379.033 MHz) using the 34-m beam waveguide telescope equipped with a Q-Band HEMT receiver were made with a typical system temperature of -130 K and a comparable FWHM beamwidth of 50". Both the 22 GHz and 45 GHz observations utilize the same backend, consisting of a Wide Band Spectrum Analyzer (WBSA; ) covering a bandwidth of 40 MHz with over two million channels. We used a subset of 5 MHz in the middle of the WBSA for both the 22 GHz and 45 GHz observations, producing spectra of 8192 channels with a spectral resolution of 0.008 km S-l and 0.004 km S-l, respectively. The spectra were further smoothed to a resolution of 0.024 km S-l.
Extensive mapping was made at the CCS 22 GHz transition over an area of 8' x8' centered on the cyanopolyyne peak of TMC-1 RA(1950) = 04~38"'42?0, DEC(1950) = 25°34'50'!0, the Core D region of , at a spacing of 25" (Nyquist sampled). Observations of the CCS 45 GHz transitions were made towards peaks of the clumps identified from the CCS 22 GHz maps (see section 3), Observations at both frequencies were conducted in a position switching mode with four on-positions between two adjacent off-positions. A 10-min on-source integration at 22 GHz yields a rms noise level of w 0.06 K at a resolution of 0.024 kms-1, while a comparable rms noise level is achieved at 45 GHz with a 20-min on-source integration after smoothing the spectra to the same resolution.
Calibration of the antenna temperature for each observing session was made with a noise diode and an ambient load. Corrections for atmospheric emission and absorption, as well as antenna gain variations over elevation angles were made in a self-consistent fashion. A reference position (the cyanopolyyne peak) was observed once every hour during each track. Scaling factors were calculated by comparing these values to that obtained with the NRO 45-m telescope towards the same position . The spectra taken at other positions were then scaled accordingly. Standard spectral line operations, such as co-adding spectra taken at the same position and removal of linear baselines, were performed on all the spectra.
Results
All the CCS spectra show evidence of a complex line shape best explained by three velocity components (cf. . We show in Figure 1 representative spectra of CCS at both 22 GHz and 45 GHz towards three different positions in the Core D region of TMC1. To extract the structure and gas properties of these features separately we fitted each spectrum with three gaussian profiles. The spectral decomposition is conducted as follow: one gaussian is fitted to each line wing of the observed profile, and is subsequently subtracted from the line profile; the remaining part is fitted with a third gaussian. An example of the spectral decomposition is shown in the middle panels of Figure 1 , with dotted lines showing the gaussian fits and residuals plotted at the baseline level in solid lines. The velocities of the fitted gaussian components generally group around LSR velocities centered at 5.7, 5.9, and 6.1 km s-l. The gaussian components have FWHM line widths in the range of 0.14 to 0.23 km s-l, as compared to 0.09 km s-l for the thermal broadening of the CCS lines at 8 K.
Spatial-Velocity Distribution of 22-GHz CCS Emission
The distribution of CCS emission separates into three features each delineating an elongated structure oriented along the SE-NW direction. Figure 2 shows the distribution of integrated intensity of the three components. Molecular gas traced by the CCS 22 GHz transition largely follows that seen in other carbon-chain molecular line emission in the -5-TMC-1 ridge. Allthree components indicate little extension to the SE beyond the map, but inthe NWthere is clearly CCS emission beyond the mapped region extending towards the NH 3 peak in the northwest ridge. The5.9kms-l component appears to trace anarrow strip along the "crest" of the TMC-1 ridge. Overall, maps of the three components have an elongated appearance along the ridge, which may represent a cylindrical structure for each component. Each one of the cylindrical components is very clumpy as can be seen in the individual maps in Figure 2 .
We identified 45 clumps in the maps for the three velocity components. As marked in Figure 2 , most of these are clearly evident by visual inspection. The high signal-to-noise ratio (> 20) of the spectra allows us to decompose even the few cases of significant spatial overlapping (e.g. b14 & 15; r9, 10 & 11) . Following the methodology of CLUMPFIND , we trace out gaussian profiles for peaks above the 5a level. Some areas clearly show significant overlapping of these gaussian clumps. In such cases, we carefully inspect the contour topology at relatively lower levels (i.e. at and around the half-maximum level) to examine the number and size of gaussian components that will fit into the contour envelope. Each clump is characterized by its peak position and the major and minor axes of the FWHM area. The clumps are marked in Figure 2 and listed in Table 1 . Clumps are grouped in Table 1 by their velocity, with the designation: b (blue), m (middle), and r (red) refer to the 5.7, 5.9, and 6.1 km s-l velocity features, respectively. The clumps are numbered along the ridge from NW to SE. The position of each clump is shown in the second and third column of Table 1 as offsets in RA and Dec. to the reference position, RA(1950) = 04h38'''42!0, Dec(1950) = 25°34'50'!0 (CCS peak). The table also lists the major and minor axial size, the peak brightness temperature T R , center velocity VLSR, and the FWHM line width w of the CCS 22 GHz spectrum determined at the peak of each clump.
H2 Density and CCS Column Density
From the peak brightness temperature T R at 22 and 45 GHz we derive the gas density and CCS fractional abundance in the individual clumps using an excitational analysis. The CCS model calculations of were used with a fixed kinetic temperature of 8 K, which appears representative for the SE part of the TM C-1 ridge. The values of X/(dv/dr), the ratio of CCS fractional abundance (X), and the velocity gradient across the cloud (dv/dr) were obtained from the LVG calculations. We find X/(dv/dr) to be tightly clustered for clumps within each cylindrical component (see Table 2 ), indicating a roughly constant CCS fractional abundance for each component. This result allows us -6 to simplify derivations of CCS column density X/(dv/dr) for all clumps, and deriving the Hz and mass by adopting an average value of density (7z(lf2)) for each clump using only the T~ at 22 GHz, Nccs * nHz (X/(dv/dr))Av cm -2 . The results are listed in Table 1 .
Clump Mass
The mass of each clump is A4 w 1.15 X 10-2GN b Ha maj bmin where bmoj and bmin are the major and minor axes of the
Ma
FWHM size of the clump in arcsecond; NH, is the H 2 column density toward the clump, Equation (4) includes the contribution from helium assuming a fractional abundance of 0.1 relative to hydrogen nuclei. NH2 is derived from NCCS NH2 w -y.
(2)
We used the average fractional abundance, (X), for the three velocity features as given in Table 2 . The clump masses are listed in Table 1 .
Discussion
TMC-1 has been well studied because of its unique morphology and chemical inhomogeneities, Many interesting models have been proposed to explain these aspects of the cloud, for example, cloud collision and sequential star formation along the ridge . In this paper we will not attempt to interpret the chemical and physical properties of the TMC-1 ridge, but restrict our discussion to the new observational data on the small scale clumps in the SE part of the ridge as traced by CCS.
Statistical Properties of the CCS Clumps
What are these low mass clumps in TMC-1 as traced by the CCS emissions and what is their significance to star formation? To answer these questions, it is important to compare the physical characteristics of these clumps with those of the other star forming cores such as the cold cloud "NH 3 cores" of Benson & Myers (1989) and the hotter CS cores in Orion-A ). In Figure 3 we plot in logarithmic scale the observed FWHM line widths versus mass and radius of all clumps and cores. Tatematsu et al. (1992) . The Orion-A CS cores aregenerally invirial equilibrium, andnon-thermal pressure provides the main support in a core, judging from the observed line width in comparison with the estimated thermal broadening of molecular hydrogen. Clearly, dense cores in cold dark clouds follow a different power law. For the NH 3 cores and small scale CCS clumps, we find where the linear correlation coefficient is 0.79. The fit is shown as a thick dotted line. The different linewidth versus mass relation for the dark cloud cores and small scale clumps may reflect the fact that non-thermal pressure plays a substantially smaller role in supporting the cores compared to their counterparts in Giant Molecular Clouds (GMC'S). In addition, there is an increasing proportion of small scale clumps departing from virial equilibrium as one moves into the small scale regime in dark molecular clouds (see Section 4.2).
In the right panel of Figure 3 we show the plot of observed line width versus size of cores and clumps. The thick dashed line in the right panel shows Larson's Laws (Larson 1981) as applied to dense cores in Orion-A, AVd, -2.5ROC4, from Tatematsu et al. (1992) . We also fit the NH~ cores and CCS clumps in dark clouds with a power law, where the linear correlation coefficient is 0.87. The fit is shown as a thick dotted line. It agrees with those derived for dark cloud cores by with a power index of 0.4 and 0.44 for cores with and without stars, respectively. The plot clearly shows that Larson's Law still hold for structures in dark clouds down to a scale of -0.02 pc.
The result that the same scaling law applies to dense cores in both GMC'S and cold dark clouds implies that these two kinds of clouds share the same mechanism of fragmentation, either turbulent cascade or gravitational fragmentation, or both. It is also evident that GMC'S and dark clouds have different velocity dispersion coefficients in the Larson's Laws (2.5 and 0.69, respectively). This variation is an indication of the different energy content in the cascading structures in GMC'S and dark clouds, with GMC'S being more energetic.
With a sizable number of clumps identified around the cyanopolyyne peak in the SE region of TMC-1, we can also study the mass distribution of clumps in the low-mass regime. In Figure 4 we plot the number of clumps at each mim interval and fit it with a power law,
which is shown as a solid line in the figure. The corresponding mass spectrum index dN/dM = -1.56 is in good agreement with those obtained for cores of large mass (M z 20 MO) in various GMC'S (N -1.6, see Blitz 1991 and references therein) . This compares to a mass spectrum index of -1.2 for dark cloud cores of and -0.9 for C180 cores in Taurus molecular cloud . Onishi et al. argued for a flatter mass spectrum in the low mass range, which does not appear to bear out in our results for the CCS clumps with masses typically smaller than 0.5 MO.
Dynamical Status of the CCS Clumps
To assess the dynamical status of each clump with regard to gravitational collapse, we calculate the virial mass for each clump in two limiting cases :
where 7 ~ 210 for constant density distribution, and 7 N 126 for r -2 density distribution in the clump. R is the average radius of the clump listed in Table 1 , and is calculated bỹ w 4.07X 10 -4 ~b~ajb~in PC,
where b~aj and b~in are the major axes of the clump in arcsec. A distance of 140 pc is used for TMC-1 in the above calculation. Av~~9 is the line width of the average (mainly Hz) g= of the clump, AV.V9 = ;urb + %herm (Hz)
where r TK~h e,m = 0.0912 -km S-l (9) mmau and m~aU = 2.3 for average gas. The velocity dispersion resulting from turbulent motions in the clump, ~tti~b, is obtained using the measured line width and the thermal dispersion of CCS with mmati= 56:
Two estimates of M.ir for each clump are listed in Table 1 , depending on the assumed density profile.
Clearly, a clump is more prone to gravitational collapse if it has a centrally condensed structure rather than a uniform density profile, as the viral mass in the first case is substantially smaller. When M > Muir) a clump is gravitationally unstable, and is likely to collapse. If 0.5 Muir < M < Muir, it is stable. If M < 0.5 MVir, a clump is gravitationally -9-unbound. We use the notation "BC", "S", and "UB" in Tab]e 1 torepresent the three cases of being bound and capable of collapse, stable, and unbound. Of the 45 clumps, 19 appear to be gravitationally unbound; 21 are stable and only five are likely to collapse under their own gravity. If the clump mass is compared against the virial mass of a uniform clump, then all the clumps in the 5.7 km s-l component and most of those in the 5.9 km s-l component would become gravitationally unbound, and all the clumps in the 6.1 km s-l component would be stable.
It is interesting to note that the 6.1 km s-l component contains all the clumps that are likely to undergo gravitational collapse. This suggests that it is in a relatively more advanced evolutionary stage than the other velocity components. It also corroborates the fact that high resolution VLA observations of a portion of the region see only condensations in the 6.1 km s-l component. Clearly, the 6.1 km s-l component is the most likely center of future star forming activity in the region. Note that all five candidates for core collapse have masses in the range of 0.5-0.6 MO, indicating a future population of low mass stars.
It is also interesting that at least 19 (and perhaps up to 30) out of 45 clumps in the region are gravitationally unbound. Such a finding comes as no surprise because this region in the TMC-1 ridge indeed lacks star forming activity. Previous studies of cores in the TMC-1 ridge with coarser spectral and spatial resolutions (e.g. generally find fewer but larger cores all of which appear to be gravitationally bound. One of these cores, Core D, ) is now resolved into 45 small clumps. Among them a substantial portion are gravitationally unbound. This result may indicate a break down of the self-similar structure of molecular clouds as one probes the physical regime where thermal pressure inside a clump is dominant over that of non-thermal pressure (by a factor of M1O for the CCS clumps).
The unbound clumps, if not confined by an external pressure, would disperse at the sound speed of *0.3 km s-l over a time scale of w 2 x 10 5 yr, which compares to a molecular cloud's lifetime of ~lOG yr. As gravitationally unbound clumps appear in such a large proportion, they cannot all be transient in nature. We suggest that thermal and turbulent pressures of the interclump gas may contribute to keep these clumps pressure-bound.
To estimate the external pressure required to confine an unbound clump, we calculated the virial parameter for each clump:
This parameter measures the relative importance of internal kinetic energy and the gravitational potential, and is within a factor of 1 to 1.3 of the ratio of internal kinetic energy and gravitational potential of the clump. Assume the clumps are in a quasi-virial equilibrium whereby the internal kinetic energy is in balance with the gravitational potential and the surface energy exerted by ambient gas pressure, We can estimate the temperature of the interclump gas TiC required to confine the clumps if the external pressure is only of thermal origin:~c =(l -~)~Td K (12) a n~C where the factor a ranges between 1 and 1,3, niC is the gas density of the interclump gas, nd and Td are the gas density and kinetic temperature of the clump, respectively.
For the unbound clumps listed in Table 1 , the virial parameter ranges between 5.6 to 17.9 with a median value of *9.5. The interclump gas probably has a density of 2x 10 3 cm -3 as seen in C180 emission of the region . With a clump temperature of 8 K and a clump density of -104 cm -3 , the interclump gas would need to have a temperature of -40 K to confine the clumps with thermal pressure. Such a temperature appears to be too high by at least a factor of two than the interclump gas temperature as estimated from the C180 observation. On the other hand, microturbulence in the interclump gas may provide enough pressure to confine the clumps. The C180 observations of the region shows a typical line width of 0.45 km s-l, within which the thermal broadening accounts for only *1/4 of the line width. The remaining part would be due to microturbulence in the interclump gas, which would have a turbulent pressure equivalent to the thermal pressure at a gas temperature of 75 K to 100 K, enough to confine the unbound clumps.
Relative Motion Among CCS Clumps
The high spectral resolution and the high signal-to-noise ratio obtained for the CCS spectra enable us to determine the clump velocities to a high degree of precision and hence to study the relative movement among the clumps within each of the three cylindrical features in the TMC-1 ridge. As seen in Tables 1 and 2 , the velocities of the clumps in each feature have a small dispersion about the mean with a standard deviation of 0.03 km s-l. This amounts to a random motion among the clumps of the order 0.05 km s-l, assuming an isotropic random velocity distribution. At such a small relative velocity, it would take z2.4 x 106 yr for a clump to migrate across the ridge of N 3' (NO, 12 pc) in width, and four to five times longer to travel from one end to the other along the ridge.
It is interesting to compare the above crossing time with the collision time over which a -11-clump is likely to encounter another clump in the same cylindrical component. To calculate the collision time, we estimate the average separation between clumps as -.
'J -2(; 1)" (13) where r is the clump radius, and ~ is the clump filling factor in each component. ~ is estimated by: . Wmp where ndUmp is the number of clumps in the cylindrical component, VdUmP is the average volume of each clump, and V-p is the volume of the component. Assuming a cylindrical geometry for the component and spherical geometry for the clumps, the clump filling factor is estimated to be 0.11, 0.19, and 0.07 for the 5.7, 5.9 and 6.1 km s-l features, respectively. The average separation Al is then wO.07, 0.04, and 0.08 pc, respectively, and the corresponding collision time is 1.3x106, 8.9x105, and 1.7x106 yr.
Comparing different time scales (~(dispersion) N 2x105 yr, T(collision) N 1x106 yr, and ~(crossing) > 2x106 yr), it would seem that a CCS clump is more likely to be subject to merging or fragmenting due to collisions with other clumps rather than traveling intact along the ridge. On the other hand, clumps do move around appreciably within each cylindrical component over their lifetime, providing sufficient mixing for a homogeneous temperature and chemical abundance distribution in each cylindrical component.
Comparison of the Three Velocity Features
We list in Table 2 the average values of VLsR, w, dv/dr, nH,, and N cc s for the clumps in each velocity component. The associated errors are standard deviations. Also listed are average values of log(X/(dv/dr)) and X. The error associated with log(X/(dv/dr)) reflects the scatter of the clump distribution on a log(n~a) versus log(X/(dv/dr)) plot, the error for X is the compound error of log(X/(dv/dr)) and (dv/dr). The total mass of molecular gas traced by CCS in each cylindrical component is also given in the table. We summarize in Table 2 the total number of bound and unbound clumps in each velocity feature.
As seen in Figure 2 , the components have a different overall structure in the CCS emission. The 5.7 km S-l component is the most extended among the three. It also has on average a broader CCS line width and a markedly higher CCS fractional abundance than the other two (see Table 2 ). A higher CCS abundance has been related to young dense material in dynamical models Bergin & Ianger 1997) . In addition, -12-the predominance of the unbound clumps in the 5.7 and 5.9 km s-l features is consistent with the interpretation that they trace gas at a relatively younger evolutionary phase than the 6.1 km s-l feature. Overall, the 5.7 km s-l component seems to be a loosely structured cloud with relatively new gas of moderate density. The 6,1 kms-1 component, in comparison, appears more evolved with a tightly confined structure.
0 Conclusion
We have mapped an 8'x8' area around the cyanopolyyne peak in the nearby dark cloud TMC-1 in the CCS 22 GHz transition with Nyquist sampling and a 0.008 km s-l velocity resolution. We combined this map with observations of the CCS 45 GHz transition to analyze its small scale structure. The region contains three major cylindrical features at LSR velocities of 5.7, 5.9 and 6.1 kms-l. The 5.7 km s-l cloud and the 6.1 km S-l components occupy similar areas in the sky along the TMC-1 ridge, while the 5.9 km S-l component is more spatially confined.
Using a multi-gaussian spectral decomposition and spatial-spatial maps we identified 45 clumps in the three velocity components. Most of the clump masses range from 0.1 to 0.5 MO, while a few are much smaller, N 0.05 MO. The CCS line width of the clumps ranges from 0.14 to 0.23 km s-l, with microturbulence in the clump contributing N 1/4 of the H 2 line broadening.
The CCS clumps in TMC-1 indicate that Larson's scaling laws still hold in the small scale regime down to 0.02 pc and 0.04 MO.
Out of the 45 clumps, only five are likely to be gravitationally unstable to collapse. The rest are stable or unbound and the predominance of these clumps is consistent with the low star forming activity in this region of the TMC-1 cloud.
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ABSTRACT
We present new observational data on the small scale structure of the Taurus Molecular Cloud 1 (TMC-1) in the regime of 0.02-0.04 pc and 0.04 -0.6 MO. Our analysis is based on high resolution, high signal-to-noise, observations of an 8' x8' area centered on the "cyanopolyyne peak" in the SE part of the TMC-1 ridge. The observations were made in the CCS 22 GHz and 45 GHz transitions using NASA's Deep Space Network 70-m and 34-m telescopes at the Goldstone facility. The CCS emission in this region originates in three narrow components centered on LSR velocities of N5.7, 5.9, and 6.1 km s-l. These components each represent a separate cylindrical feature elongated along the ridge. Among the three velocity components we identified a total of 45 clumps with a typical CCS column density of N few x 1013 cm -2 , an H 2 density of w few x104 cm -3 , and a mass in the range of 0.04 to 0.6 M@. The statistical properties of these small scale clumps are compared with those of the larger "NH3 cores" in cold clouds and "CS cores" in the hotter Orion region. The CCS clumps in TMC-1 are found to conform to the Larson's scaling laws (relating observed linewidth to clump size) derived from the larger cores down to the small scale regime (0.02 pc and 0.04 MO). These clumps represent a regime where microturbulence is small, amounting to N1O% of the thermal pressure inside a clump. Of the 45 clumps, only five appear to be gravitationally unstable to collapse. The 6.1 km s-l component contains all the gravitationally unstable clumps and is the most likely site for future star formation.
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Introduction
The mechanisms by which interstellar clouds produce the star forming cores is not well understood owing in part to the lack of sufficient data to draw a complete time line of the formation of these cores. Two such schemes have been proposed: gravitational fragmentation of larger structures or coalescence of smaller fragments formed from turbulent cascade. Larson (1981) found from a wide variety of molecular clouds an empirical correlation between the observed line width, cloud size, and the gas density, which was latter known as Larson's Laws. Although the physical basis of Larson's scaling laws is not well understood, the self-similar structure of molecular clouds as described by the Larson's Laws has been argued by many authors as turbulent in nature (see e.g. and references therein).
In the cores of cold dense clouds there are many examples of line widths measured with trace molecules, such as CS, NH 3 , HC 3 N, that are narrower than the thermal line width of molecular hydrogen at 10 K . In these cases the velocity field is mainly thermal and has a small non-thermal component which is probably due to microturbulent (subsonic) motions. Thermal H 2 pressure provides the main support for the cores. This situation is in contrast to cores in warmer molecular clouds where non-thermal components (likely macro-turbulence) dominate the velocity field as well as core support. These observations of small scale thermal features in cold dense clouds raise some important questions regarding the origin of the cold cores.
TMC-1 has been a prime object for studying cold cores because of its proximity and small velocity dispersion. To study the small scale structure of a quiescent dark cloud, such as TMC-1, one needs to have sufficient spatial resolution, as well as high enough spectral resolution to sample molecular lines of thermal width (typically w 0.1 km s-l for CCS in cold, dark clouds). There have been a number of studies of the structure of TMC-1 in a variety of tracers (e.g. Hirahara et al 1992, . Recently Langer and co-workers extended these studies to small scale structures through single-dish and interferometric observations of CS and CCS and from multi-transition analysis of CCS . Using a heavy molecular tracer (CCS) with narrow thermal line-widths (*O. 1 km s -1 at N 10 K), have shown that little turbulence is seen in the small scale structures in TMC-1. Therefore the small scale clumps in TMC-1 can be used to study the behavior of the scaling laws down to smaller sizes and masses, in a regime of low turbulence, where the turbulent widths are NO.1 km s-l.
From these high signal-to-noise, high spectral and spatial resolution maps we are able to identify more small scale clumps than seen in earlier work. The properties of these clumps are determined from an excitation analysis. The large number of clumps, 45 in total, makes it possible to evaluate their statistical properties and to test the Larson's scaling law in a small scale, low-mass regime. Of the 45 clumps identified in the area, only five are gravitationally unstable to collapse while the remainder are evenly split between unbound and stable objects. All the unstable clumps are associated with one spatial-velocity feature near the cyanopolyyne peak. Our results show that Larson's scaling laws extend down to the low mass clumps in TMC-1. waveguide telescope equipped with a Q-Band HEMT receiver were made with a typical system temperature of -130 K and a comparable FWHM beamwidth of 50". Both the 22 GHz and 45 GHz observations utilize the same backend, consisting of a Wide Band Spectrum Analyzer (WBSA; ) covering a bandwidth of 40 MHz with over two million channels. We used a subset of 5 MHz in the middle of the WBSA for both the 22 GHz and 45 GHz observations, producing spectra of 8192 channels with a spectral resolution of 0.008 km s -1 and 0.004 kms-1, respectively. The spectra were further smoothed to a resolution of 0.024 km s-l.
Observations and Data Reduction
Extensive mapping was made at the CCS 22 GHz transition over an area of 8' x8' centered on the cyanopolyyne peak of TMC-1 RA(1950) = 04~38~42?0, DEC(1950) = 25°34'50'!0, the Core D region of , at a spacing of 25" (Nyquist sampled). Observations of the CCS 45 GHz transitions were made towards peaks of the clumps identified from the CCS 22 GHz maps (see section 3). Observations at both frequencies were conducted in a position switching mode with four on-positions between two adjacent off-positions. A 10-min on-source integration at 22 GHz yields a rms noise level of w 0.06 K at a resolution of 0.024 kms-1, while a comparable rms noise level is achieved at 45 GHz with a 20-min on-source integration after smoothing the spectra to the same resolution.
Results
Spatial-Velocity Distribution of 22-GHz CCS Emission
The distribution of CCS emission separates into three features each delineating an elongated structure oriented along the SE-NW direction. Figure 2 shows the distribution of integrated intensity of the three components. Molecular gas traced by the CCS 22 GHz transition largely follows that seen in other carbon-chain molecular line emission in the -5-TMC-1 ridge. All three components indicate little extension to the SE beyond the map, but in the NW there is clearly CCS emission beyond the mapped region extending towards the NH 3 peak in the northwest ridge. The 5.9 km s-l component appears to trace a narrow strip along the 'tcrest" of the TMC-1 ridge. Overall, maps of the three components have an elongated appearance along the ridge, which may represent a cylindrical structure for each component. Each one of the cylindrical components is very clumpy as can be seen in the individual maps in Figure 2, We identified 45 clumps in the maps for the three velocity components. As marked in Figure 2 , most of these are clearly evident by visual inspection. The high signal-to-noise ratio (> 20) of the spectra allows us to decompose even the few cases of significant spatial overlapping (e.g. b14 & 15; r9, 10 & 11) . Following the methodology of CLUMPFIND , we trace out gaussian profiles for peaks above the 50 level. Some areas clearly show significant overlapping of these gaussian clumps. In such cases, we carefully inspect the contour topology at relatively lower levels (i.e. at and around the half-maximum level) to examine the number and size of gaussian components that will fit into the contour envelope. Each clump is characterized by its peak position and the major and minor axes of the FWHM area. The clumps are marked in Figure 2 and listed in Table 1 . Clumps are grouped in Table 1 by their velocity, with the designation: b (blue), m (middle), and r (red) refer to the 5.7, 5,9, and 6.1 km s-l velocity features, respectively. The clumps are numbered along the ridge from NW to SE. The position of each clump is shown in the second and third column of Table 1 as offsets in RA and Dec. to the reference position, RA(1950) = 04h38~420, Dec(1950) = 25°34'50'!0 (CCS peak). The table also lists the major and minor axial size, the peak brightness temperature T R , center velocity VLsR, and the FWHM line width w of the CCS 22 GHz spectrum determined at the peak of each clump.
Hz Density and CCS Column Density
From the peak brightness temperature T R at 22 and 45 GHz we derive the gas density and CCS fractional abundance in the individual clumps using an excitational analysis. The CCS model calculations of were used with a fixed kinetic temperature of 8 K, which appears representative for the SE part of the TMC-1 ridge. The values of X/(dv/dr), the ratio of CCS fractional abundance (X), and the velocity gradient across the cloud (dv/dr) were obtained from the LVG calculations. We find X/(dv/dr) to be tightly clustered for clumps within each cylindrical component (see Table 2 ), indicating a roughly constant CCS fractional abundance for each component. This result allows us -6-to simplify derivations of CCS column density and mass by adopting an average value of X/(dv/dr) for all clumps, and deriving the Hz density (n(Ifz)) for each clump using only the T R at 22 GHz, Nccs w nH, (X/(cZv/dr))Av cm -2 . The results are listed in Table 1 .
Clump Mass
The mass of each clump is where b~aj and b~i~ are the major and minor axes of the FWHM size of the clump in arcsecond; NHZ is the H 2 column density toward the clump. Equation (4) includes the contribution from helium assuming a fractional abundance of 0.1 relative to hydrogen nuclei. NHZ is derived from Nets NH, N y.
Discussion
TMC-1 has been well studied because of its unique morphology and chemical inhomogeneities. Many interesting models have been proposed to explain these aspects of the cloud, for example, cloud collision and sequential star formation along the ridge . In this paper we will not attempt to interpret the chemical and physical properties of the TMC-1 ridge, but restrict our discussion to the new observational data on the small scale clumps in the SE part of the ridge as traced by CCS.
Statistical Properties of the CCS Clumps
What are these low mass clumps in TMC-1 as traced by the CCS emissions and what is their significance to star formation? To answer these questions, it is important to compare the physical characteristics of these clumps with those of the other star forming cores such as the cold cloud 'tNH3 cores" of Benson & Myers (1989) and the hotter CS cores in Orion-A ). In Figure 3 we plot in logarithmic scale the observed FWHM line widths versus mass and radius of all clumps and cores. Tatematsu et al. (1992) . The Orion-A CS cores are generally in virial equilibrium, and non-thermal pressure provides the main support in a core, judging from the observed line width in comparison with the estimated thermal broadening of molecular hydrogen. Clearly, dense cores in cold dark clouds follow a different power law. For the NH 3 cores and small scale CCS clumps, we find where the linear correlation coefficient is 0.79. The fit is shown as a thick dotted line. The different linewidth versus mass relation for the dark cloud cores and small scale clumps may reflect the fact that non-thermal pressure plays a substantially smaller role in supporting the cores compared to their counterparts in Giant Molecular Clouds (GMC'S). In addition, there is an increasing proportion of small scale clumps departing from virial equilibrium as one moves into the small scale regime in dark molecular clouds (see Section 4.2).
In the right panel of Figure 3 we show the plot of observed line width versus size of cores and clumps. The thick dashed line in the right panel shows Larson's Laws (Larson 1981) as applied to dense cores in Orion-A, AVd~ N 2.5R004, from Tatematsu et al. (1992) . We also fit the NH 3 cores and CCS clumps in dark clouds with a power law,
AVd, N 0.69R0039 (4)
where the linear correlation coefficient is 0.87. The fit is shown as a thick dotted line. It agrees with those derived for dark cloud cores by with a power index of 0.4 and 0.44 for cores with and without stars, respectively. The plot clearly shows that Larson's Law still hold for structures in dark clouds down to a scale of ~0.02 pc.
With a sizable number of clumps identified around the cyanopolyyne peak in the SE region of TMC-1, we can also study the mass distribution of clumps in the low-mass regime. In Figure 4 we plot the number of clumps at each mass interval and fit it with a power law,
which is shown as a solid line in the figure. The corresponding mass spectrum index dN/dM = -1 .56 is in good agreement with those obtained for cores of large mass (M ~ 20 MO) in various GMC'S (W -1.6, see Blitz 1991 and references therein) . This compares to a mass spectrum index of -1.2 for dark cloud cores of and -0.9 for C180 cores in Taurus molecular cloud . Onishi et al. argued for a flatter mass spectrum in the low mass range, which does not appear to bear out in our results for the CCS clumps with masses typically smaller than 0.5 Mo.
Dynamical Status of the CCS Clumps
To assess the dynamical status of each clump with regard to gravitational collapse, we calculate the virial mass for each clump in two limiting cases ):
where ~ -210 for constant density distribution, and 7-126 for r -2 density distribution in the clump. R is the average radius of the clump listed in Table 1 , and is calculated by 
where b~aj and b~in are the major axes of the clump in arcsec. A distance of 140 pc is used for TMC-1 in the above calculation. AVOV9 is the line width of the average (mainly H 2 ) gas of the clump, jUr~ + o~~~,~(H2)
where r T K therm = 0.0912 -km S-l (9) m~aU and m~~U = 2.3 for average gas. The velocity dispersion resulting from turbulent motions in the clump, ~t~rb, is obtained using the measured line width and the thermal dispersion of CCS with m~.u= 56:
AuOb, =~u rb + '?herm (Ccs).
(lo)
Two estimates of MVir for each clump are listed in Table 1 , depending on the assumed density profile.
Clearly, a clump is more prone to gravitational collapse if it has a centrally condensed structure rather than a uniform density profile, as the viral mass in the first case is substantially smaller. When M > Muir, a clump is gravitationally unstable, and is likely to collapse. If 0.5 Mvir < M < Muir, it is stable. If M <0.5 MVirl a clump is gravitationally -9-unbound. We use the notation "BC ) ', "s", and "UB" in Tab]e 1 to represent the three cases of being bound and capable of collapse, stable, and unbound. Of the 45 clumps, 19 appear to be gravitationally unbound; 21 are stable and only five are likely to collapse under their own gravity. If the clump mass is compared against the virial mass of a uniform clump, then all the clumps in the 5.7 km s-l component and most of those in the 5.9 km s-l component would become gravitationally unbound, and all the clumps in the 6.1 km s-l component would be stable.
It is also interesting that at least 19 (and perhaps up to 30) out of 45 clumps in the region are gravitationally unbound. Such a finding comes as no surprise because this region in the TMC-1 ridge indeed lacks star forming activity. Previous studies of cores in the TMC-1 ridge with coarser spectral and spatial resolutions (e.g. generally find fewer but larger cores all of which appear to be gravitationally bound. One of these cores, Core D, ) is now resolved into 45 small clumps. Among them a substantial portion are gravitationally unbound. This result may indicate a break down of the self-similar structure of molecular clouds as one probes the physical regime where thermal pressure inside a clump is dominant over that of non-thermal pressure (by a factor of N1O for the CCS clumps).
The unbound clumps, if not confined by an external pressure, would disperse at the sound speed of wO.3 km s-l over a time scale of N 2x105 yr, which compares to a molecular cloud's lifetime of ~lOG yr. As gravitationally unbound clumps appear in such a large proportion, they cannot all be transient in nature. We suggest that thermal and turbulent pressures of the interclump gas may contribute to keep these clumps pressure-bound.
This parameter measures the relative importance of internal kinetic energy and the gravitational potential, and is within afactorof 1 to 1.3of the ratio of internal kinetic energy and gravitational potential of the clump. Assume the clumps are in a quasi-virial equilibrium whereby the internal kinetic energy is in balance with the gravitational potential and the surface energy exerted by ambient gas pressure. We can estimate the temperature of the interclump gas TiC required to confine the clumps if the external pressure is only of thermal origin:~c = (1 -:)~T. K (12) CY nlC where the factor a ranges between 1 and 1.3, niC is the gas density of the interclump gas, nd and Td are the gas density and kinetic temperature of the clump, respectively.
For the unbound clumps listed in Table 1 , the virial parameter ranges between 5.6 to 17.9 with a median value of w9.5. The interclump gas probably has a density of W2 x 10 3 cm -3 as seen in C180 emission of the region . With a clump temperature of 8 K and a clump density of W104 cm -3 , the interclump gas would need to have a temperature of N 40 K to confine the clumps with thermal pressure. Such a temperature appears to be too high by at least a factor of two than the interclump gas temperature as estimated from the C180 observation. On the other hand, microturbulence in the interclump gas may provide enough pressure to confine the clumps. The C180 observations of the region shows a typical line width of 0.45 km s-l, within which the thermal broadening accounts for only =1/4 of the line width. The remaining part would be due to microturbulence in the interclump gas, which would have a turbulent pressure equivalent to the thermal pressure at a gas temperature of 75 K to 100 K, enough to confine the unbound clumps.
Relative Motion Among CCS Clumps
The high spectral resolution and the high signal-to-noise ratio obtained for the CCS spectra enable us to determine the clump velocities to a high degree of precision and hence to study the relative movement among the clumps within each of the three cylindrical features in the TMC-1 ridge. As seen in Tables 1 and 2 , the velocities of the clumps in each feature have a small dispersion about the mean with a standard deviation of 0.03 km s-l. This amounts to a random motion among the clumps of the order 0.05 km s-l, assuming an isotropic random velocity distribution, At such a small relative velocity, it would take 22.4 x106 yr for a clump to migrate across the ridge of* 3' (wO.12 pc) in width, and four to five times longer to travel from one end to the other along the ridge.
It is interesting to compare the above crossing time with the collision time over which a -11-clump is likely to encounter another clump in the same cylindrical component. To calculate the collision time, we estimate the average separation between clumps as --'1 -2(; 1)" (13) where r is the clump radius, and ~ is the clump filling factor in each component. ~ is estimated by:
Comp where ndtimp is the number of clumps in the cylindrical component, VdUmp is the average volume of each clump, and V-p is the volume of the component. Assuming a cylindrical geometry for the component and spherical geometry for the clumps, the clump filling factor is estimated to be 0.11, 0.19, and 0.07 for the 5.7, 5.9 and 6.1 km s-l features, respectively. The average separation Al is then wO.07, 0.04, and 0.08 pc, respectively, and the corresponding collision time is 1.3x106, 8.9x105, and 1.7x106 yr.
Comparing different time scales (~(dispersion) N 2x 10 5 yr, ~(collision) N 1x 106 yr, and ~(crossing) > 2x106 yr), it would seem that a CCS clump is more likely to be subject to merging or fragmenting due to collisions with other clumps rather than traveling intact along the ridge. On the other hand, clumps do move around appreciably within each cylindrical component over their lifetime, providing sufficient mixing for a homogeneous temperature and chemical abundance distribution in each cylindrical component.
Comparison of the Three Velocity Features
We list in Table 2 the average values of VLSR, w, dv/dr, nH,, and Nccs for the clumps in each velocity component. The associated errors are standard deviations. Also listed are average values of log(X/(dv/dr) ) and X. The error associated with log(X/(dv/dr)) reflects the scatter of the clump distribution on a log(nff, ) versus log(X/(dv/dr)) plot, the error for X is the compound error of log(X/(dv/dr)) and (dv/dr). The total mass of molecular gas traced by CCS in each cylindrical component is also given in the table. We summarize in Table 2 the total number of bound and unbound clumps in each velocity feature.
As seen in Figure 2 , the components have a different overall structure in the CCS emission, The 5.7 km s -1 component is the most extended among the three. It also has on average a broader CCS line width and a markedly higher CCS fractional abundance than the other two (see Table 2 ). A higher CCS abundance has been related to young dense material in dynamical models Bergin & langer 1997) . In addition, -12-the predominance of the unbound clumps in the 5.7 and 5.9 km s-l features is consistent with the interpretation that they trace gas at a relatively younger evolutionary phase than the 6.1 km s-l feature. Overall, the 5.7 km s-l component seems to be a loosely structured cloud with relatively new gas of moderate density. The 6.1 km s -1 component, in comparison, appears more evolved with a tightly confined structure.
Conclusion
We have mapped an 8' x8' area around the cyanopolyyne peak in the nearby dark cloud TMC-1 in the CCS 22 GHz transition with Nyquist sampling and a 0,008 km s-l velocity resolution. We combined this map with observations of the CCS 45 GHz transition to analyze its small scale structure. The region contains three major cylindrical features at LSR velocities of 5.7, 5.9 and 6.1 kms-l. The 5.7 kms-l cloud and the 6.1 km S-l components occupy similar areas in the sky along the TMC-1 ridge, while the 5.9 km s-l component is more spatially confined, Using a multi-gaussian spectral decomposition and spatial-spatial maps we identified 45 clumps in the three velocity components. Most of the clump masses range from 0.1 to 0.5 MO, while a few are much smaller, -0.05 MO. The CCS line width of the clumps ranges from 0.14 to 0.23 km s-l, with microturbulence in the clump contributing N 1/4 of the H 2 line broadening.
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